I. INTRODUCTION
Biological cells are surrounded by a plasma membrane which controls the interface between the cell and its environment. This membrane is composed of proteins, lipids, and partially carbohydrates. Membrane-bounded organelles, such as vesicles, are also abundant within the cell, and the diameter of such vesicles can be as small as 40 nm. The most common lipid components in biomembranes are phospholipids, which are amphiphilic molecules possessing a hydrophilic headgroup and, usually, two hydrophobic tails. Phospholipids vary greatly in the composition of their headgroup, and the length and saturation of their tails. Experimental studies have clearly demonstrated that dissimilar phospholipids do not mix ideally [1] [2] [3] [4] [5] [6] when the lipids composing the mixture have different chain melting temperatures. This temperature depends on the lipid hydrophobic chain lengths and the unsaturation of the chains, and these properties in turn influence the preferred area per molecule for each lipid type, and the packing of the lipid chains in the hydrophobic core of the bilayer. By changing the temperature or the composition, a mixture of two phospholipids with different melting temperatures may undergo lateral phase separation leading to the formation of domains. 5, 6 Beside numerous experimental works on the nonideal mixing of lipid bilayers, there are also measurements of the bending rigidity of heterogeneous membranes which indicate an explicit dependence of this material property on the membrane composition. [7] [8] [9] [10] [11] Various theoretical and simulation models of mixed systems as a function of composition have also been developed.
For simplicity, these models have mainly focused on twocomponent monolayers and bilayers. Szleifer et al. 12, 13 and Gonzalez 14 have calculated the bending rigidity of twocomponent bilayers as a function of composition for various amphiphile chain lengths. Atomistic simulation techniques have been used to study the effect of single chain surfactants on mixed bilayers 15, 16 and to determine the equilibrium packing parameter and chain order as a function of lipid composition. 17, 18 Coarse-grained simulation techniques, which require far less computational resources than atomistic ones, have also been used to measure the material properties of binary mixtures of bilayers and monolayers. [19] [20] [21] In this study, we use the dissipative particle dynamics simulation technique 22, 23 to study bilayers composed of a mixture of two kinds of amphiphile. This technique has previously been used to extract the material properties of singlecomponent bilayers composed of amphiphiles with symmetric and asymmetric tails, 24, 25 and also to simulate various membrane-related processes, such as pore formation in amphiphilic bilayers, 26 self-assembly of vesicles, 27 phase separation in vesicles, 28, 29 and vesicle budding. 30 It has also been used to explore the phase behavior of lipids 31 and the effects of surfactant packing at an oil-water interface. 32 Using this technique, we explore the dependence of the area stretch modulus and corresponding bending rigidity of binary mixture bilayers on their composition for various amphiphile packing parameters and tail lengths. We find that amphiphiles with different equilibrium packing areas do not mix homogeneously, and the resulting domain shapes are different in planar membrane patches and vesicles, which indicates that the vesicle curvature influences the domain evolution. This result may be significant for the behavior of vesicles in cellular processes.
II. DISSIPATIVE PARTICLE DYNAMICS SIMULATION METHOD
Dissipative particle dynamics ͑DPD͒ is a particle based simulation method, where each particle/bead has a mass m 0 and experiences three forces with those of its neighbors within the range d 0 . The bead coordinates evolve in time under their mutual interactions according to Newton's laws of motion. The conservative force takes the form
for r ij Ͻ d 0 , and zero otherwise. Here a ij is the maximum repulsion between bead types i and j which are separated by a distance of r ij , and r ij is the unit vector pointing from bead j to bead i. Additionally, dissipative and random forces are used to apply a thermostat to the system that ensures its evolution towards a Boltzmann-distributed equilibrium state. The dissipative force is of the form
for r ij Ͻ d 0 , and zero otherwise, where ␥ ij and v ij are the dissipation strength and relative velocity between beads i and j, respectively. Finally, the random force is
͑2.3͒
for r ij Ͻ d 0 , and is pairwise symmetric for all pairs of interacting beads. Here, ij is a uniform random variable that satisfies ͗ ij ͑t͒͘ = 0 and
Beads are assembled into amphiphilic molecules by tying them together with Hookean springs with the potential
where the spring constant and unstretched bond length may be determined by comparing the end-to-end length of the model amphiphile with the actual molecular length. In order to represent the noninterdigitated state of typical lipid bilayers, it has been found necessary to add a chain stiffness potential to the amphiphiles' tails, U 3 , where
in which the bending stiffness and preferred angle are chosen so as to produce a stable bilayer. 24, 33 We consider amphiphiles with symmetric tails, which we model using the general architectures H m ͑T n ͒ 2 , where n is the number of hydrophobic beads in each tail and the headgroup contains m hydrophilic beads, see Fig. 1 .
All simulations are carried out in the NVT ensemble at a reduced temperature k B T = 1, and the actual dimensions of the box are chosen appropriately for each systems as described in the Results. The bilayer or vesicle is preassembled in the box and the remaining free volume filled with water particles to the desired density d 0 3 = 3. All the results we present are taken from near-tensionless systems. This state was obtained by performing several runs with different numbers of amphiphiles at a constant box size to locate the system in which the bilayer's mean surface tension was close to zero. We have used the equilibrium area per amphiphile at the bilayer's tensionless state and the in-plane diffusion coefficient to extract the length and time scales for the simulations. The "standard" amphiphile architecture H 3 ͑T 6 ͒ 2 , which represents a typical phospholipid such as dimyristoylphosphatidylcholine ͑DMPC͒ with two to three methyl groups represented by one DPD tail bead, has equilibrium area per amphiphile about ϳ1.262± 0.001͑d 0 ͒ 2 . The experimental value 34 for the equilibrium area per molecule of DMPC in a bilayer is 0.6 nm 2 . Comparing these two values results in d 0 Ϸ 0.7 nm. The time scale is extracted from the in-plane diffusion coefficient of the amphiphiles by fitting the mean square displacement ͑MSD͒ at large times. Taking a typical diffusion value for a DMPC molecule as 35 5 m 2 / s and comparing with the H 3 ͑T 6 ͒ 2 amphiphile diffusion coefficient obtained from the simulation, the time scale of the simulation is found to be t 0 = 0.46 ns.
In each simulation, the first 50 000 steps are discarded and observable averages are constructed from at least 1000 independent samples. The equations of motion are integrated using a velocity-Verlet scheme. 36 Using the values given above for the intrinsic DPD length ͑d 0 = 0.7 nm͒ and time ͑t 0 = 0.46 ns͒ scales, and an integration time step of dt = 0.02t 0 to ensure stability of the integrator, one simulation of 10 5 steps is equivalent to 10 5 ϫ 0.02ϫ 0.46 ns= 0.9 s of real time, and requires 80 CPU hours on a single-processor Pentium system. 
III. RESULTS

A. Nonhomogeneous mixture of H
In this subsection, we present the domain formation and the material parameters of a two-component bilayer composed of amphiphiles with an identical architecture ͓H 3 ͑T 6 ͒ 2 , denoted by A and B͔, but different preferred packing areas. The nonbonded bead-bead interaction parameters for the amphiphiles in the mixture are shown in Table I . The key difference between the A and B amphiphiles is that the conservative repulsion of two tail beads in amphiphile B is smaller than that of tail beads in amphiphile A, and also smaller than the repulsion between tail beads from the two amphiphiles. This choice is intended to mimic the ability of long, saturated hydrocarbon chains in lipids to pack somewhat closer together than chains that contain one or more double bonds, and to make the B amphiphiles phase separate from amphiphile A. In order to guarantee a stable single-component bilayer composed of amphiphile B, the small tail-tail repulsion has to be balanced by a small head-head repulsion. The cross head-head and tail-tail repulsions were chosen to be the same as the self-head-head and -tail-tail repulsions of amphiphile A since both of the amphiphiles have the same tail length. The choice of this parameter set is motivated by the material properties of single-component bilayers composed of H 3 ͑T 6 ͒ 2 amphiphiles presented in our previous work. 25 Our parameter set is quite different from those of two other recent DPD studies 28, 30 that also explored the phase separation of binary mixtures of amphiphiles. In those studies, the cross tail-tail repulsion of the two types of amphiphile is set larger than the self-repulsion of tail beads in the same amphilphile, and it is this large repulsion that drives phase separation of the two species.
Unless otherwise stated, the planar bilayer is preassembled in a simulation box with dimensions L x = 24, L y = 40, and L z = 32. A rectangular plane in the direction of x and y axes has been chosen as the plane of the bilayer in order to reduce the influence of the symmetry of the simulation box on the domain patterns. Figure 2 shows the snapshots of the phase separation process of the two coexisting phases and the associated time-dependent growth of the domains in a planar bilayer composed of 944 amphiphiles A and 630 amphiphiles B. We start the simulation with a random configuration; and after 50 000 DPD steps the amphiphiles are completely separated and domains with irregular shapes are formed. As time passes, small domains coalesce to form larger domains. We have observed only circular domains of amphiphile B in five independent simulations of this mixture composition. The tensionless bilayers shown in Fig. 2 Note that as seen in all snapshots, commensurate domains are formed in both of the monolayers, which indicates that there is a strong coupling between the amphiphiles in both of the monolayers, as has been observed in several experimental studies. 5, 6, 38, 39 The coupling that we find in our simulations is primarily driven by the 20% reduction in the tail-tail repulsion parameter of amphiphile B, a TT d 0 / k B T = 20, compared to that of amphiphile A, which leads to closer packing of the amphiphile's tails. We have measured the surface tension of the bilayers as a function of amphiphile's packing area and calculated their area stretch modulus around the zero crossing point using the relation 33 
⌺͑A,n
where ⌺ is the bilayer surface tension, A 0 is the projected area at zero surface tension, K is the area stretch modulus, and n 1 is the amphiphile's tail length. The bending rigidity of the bilayer can then be estimated from the relation 37 Table II shows the variation of the material properties of a bilayer containing A and B amphiphiles as the fraction of amphiphile B is increased from 0% to 100%. We see that upon replacement of 50% of amphiphile A with amphiphile B, the bending rigidity of the bilayer increases 36%, indicating that amphiphile B makes the bilayer more rigid. The area per amphiphile for the bilayer at its tensionless state also decreases slightly as the concentration of amphiphile B increases, also indicating the closer packing of the tails of amphiphile B compared to those of amphiphile A. Since amphiphiles A and B have the same tail length, the bilayer widths of various compositions of these amphiphiles are almost constant, as shown in Table II . From Figs. 4 and 5, we can see that the area stretch modulus and bending rigidity of the bilayer increase monotonically as the concentration of amphiphile B increases. This result is in a fair agreement with the theoretical prediction of bending rigidity of a mixture of lipids of different chain stiffnesses, but same length and volume.
14 In Ref. 14, they studied the material properties of amphiphilic molecules containing fluorocarbon ͑CF 2 ͒ groups, which form stiffer chains than those composed of CH 2 groups, in the sense that their trans-gauge energy is much larger than that of hydrocarbons. They find that the the stiffer chains increase the bending rigidity of the aggregate and slightly decrease the optimal packing area.
Quadratic fits to the data for the area stretch modulus K, as displayed in Fig. 4 , and the bending rigidity , as shown in from the surface tension measurements for each mixture composition on planar bilayers. There are initially 2572 water beads inside the vesicle, and none of them are observed to leave the vesicle during the simulations, which implies that the vesicle is impermeable to water on the time scale of the simulations. Figure 6 shows a series of images of domain formation on vesicles as a function of amphiphile B's concentration at 400 000 DPD steps. At 
B. Homogeneous mixture of H 3 "T 8 … 2 and H 3 "T 6 … 2 amphiphiles
In order to compare the material properties of nonhomogeneous and homogeneous mixtures of two different amphiphiles, we present in this section the material properties of homogeneous mixtures of H 3 ͑T 6 ͒ 2 ͑denoted by A͒ and H 3 ͑T 8 ͒ 2 ͑denoted by C͒ amphiphiles. In these mixtures, the preferred packing area of amphiphile C is close to that of amphiphile A. The interaction parameters for amphiphiles A and C are described below, where the cross head-head repulsion parameter between these two types of amphiphiles is chosen to be in between their self-interactions ͑see Table III͒ . These interactions and the rest of the simulation parameters are chosen so as to mimic the material properties of typical lipid membranes, which have been studied in our previous works. 24, 25 Note that in this section the planar bilayers are preassembled in a simulation box size of ͑32d 0 ͒ 3 . Figure 7 shows the homogeneous mixtures of H 3 ͑T 8 ͒ 2 and H 3 ͑T 6 ͒ 2 amphiphiles for various compositions. The presence of a small concentration of the longer amphiphiles in a bilayer composed of the shorter amphiphiles disrupts the bilayer structure, which decreases the bilayer stretch and bending rigidity ͑see Table IV͒ , and vice versa. While for the 1:1 mixture, almost every H 3 ͑T 6 ͒ 2 amphiphile is paired with one H 3 ͑T 8 ͒ 2 amphiphile from the opposing monolayer. We note that the bending rigidity of the membrane with a 1:1 mixture of the two types of amphiphile is identical, within the error bars calculated from five independent simulations, to that of the pure shorter-chain amphiphile membrane.
For this homogeneous mixture, the area stretch modulus ͑Fig. 8͒ and bending rigidity ͑Fig. 9͒ show nonmonotonic dependencies on the composition, a result that is in fair agreement with several theoretical predictions [12] [13] [14] and previous coarse-grained molecular dynamics simulations of two-component lipid bilayers 19 that measured the membrane's bending rigidity from its shape fluctuations. Equa- 
͑3.6͒
The minimum values of these material parameters are located in the relatively flat region between x = 0.1 and x = 0.3. We deduce ͑by looking at the snapshots͒ that the inclusion of long/short amphiphile into the bilayer of short/ long amphiphile in homogeneous system disrupts its structure ͑the two monolayers become interdigitated͒, which decreases its area stretch modulus. This assumption is similar to that in the work of Szleifer et al., where the long tail lipid dangling essentially free in the bilayer midplane causes the bending rigidity of the mixed system to be less than the corresponding pure systems. The bilayer thickness of this mixture increases as the concentration of the long amphiphile increases, while its equilibrium area per amphiphile is almost constant. C. Nonhomogeneous mixture of H 3 "T 8 … 2 and H 3 "T 6 … 2 amphiphiles
In this subsection, we present the material properties and domain shape evolution of nonhomogeneous mixtures of H 3 ͑T 8 ͒ 2 and H 3 ͑T 6 ͒ 2 amphiphiles. The phase separation of the mixtures has been simulated in the same way as the previous nonhomogeneous system ͑Sec. III A͒, by choosing the self-tail-tail interaction parameter of H 3 ͑T 8 ͒ 2 amphiphile ͑de-noted as D͒ to be smaller than that of H 3 ͑T 6 ͒ 2 amphiphile ͑denoted as A͒ and of the cross interactions ͑see Table V͒ . The rest of the interaction parameters are the same as in the previous system ͑Sec. III A͒.
We found that the domain shape evolution of this mixture in planar bilayers is similar to that fo the nonhomogeneous mixture of amphiphiles A and B, as shown in Fig. 3 . Figure 10 shows the domain shape evolution of this mixture in vesicles with diameter d / d 0 = 32, as a function of amphiphile's composition.
The domains composed of amphiphile D in vesicles are more rectangular than circular compared to those in planar bilayers because they are rigid, similar to solid plates ͑see the bending rigidity estimations in Table VI͒ . Their rigidity requires them to be stretched locally in order to deform smoothly onto the spherical surface, and the energy cost of this deformation can be reduced for longer, thinner domains. Figure 11 shows the cross sections through the vesicles, where at x D = 0.1, the domains are formed on both of the monolayers, while at x D = 0.9, the vesicle is very rigid, and the striped domains are formed only on one of the monolayers. Taking 
͑3.8͒
The equilibrium area per amphiphile decreases and the bilayer thickness increases as the concentration of amphiphile D increases in the system. Comparing this mixture with the nonhomogeneous mixture of amphiphiles A and B, in this mixture, the area stretch and bending rigidity increase drastically at the concentration above x D = 0.1.
At the concentration below x D = 0.1, the inclusion of long amphiphile D disrupts the bilayer structure, because they are not paired with each other in both of the monolayers, while at the concentration above x D = 0.1, almost each of this amphiphile is paired with another one from the opposing monolayer, which is found to strengthen the bilayer. Our result on bending rigidity for this mixture is similar to that of Monte Carlo simulations of two rods with different lengths in a constant area ensemble.
20
IV. CONCLUSIONS
We have used dissipative particle dynamics simulations to explore the dependence of the material properties of twocomponent amphiphilic bilayers on their composition and the structure of the amphiphiles. The formation of domains in the mixed membranes has also been investigated. We have varied the tail length of the amphiphiles and their preferred area per molecule. The latter quantity is related to the degree of unsaturation in natural lipids, and we modulate its value by making modest changes in the tail-tail interaction parameters. We find that the amphiphiles can phase separate for quite small changes, which are of the order of 10%, in their preferred area per molecule. Furthermore, we find that increasing the amphiphile tail length and reducing their preferred packing area modestly are sufficient to increase the membrane stiffness by up to a factor of 5 depending on the composition. Our results are complementary to a recent paper, 29 which studied domain formation and budding in two-component vesicles, where a large repulsion between the tails of amphiphiles with identical structures was used to drive the phase separation. The physical origin of this large repulsion between identical hydrocarbon tails is not apparent, but it drives two lipid types to phase separate. The authors follow the evolution of the domains, measure their geometric properties including their mean radius and perimeter length, and find that hydrodynamic forces influence the coarsening dynamics at all time scales. They also observe budding of the domains for certain parameter values, and the buds are seen to detach from the parent vesicle.
In a nonhomogeneous mixture of H 3 ͑T 6 ͒ 2 amphiphiles, where one of the amphiphiles has a slightly smaller preferred area per molecule, the difference in packing leads to a mono- FIG. 11 . Cross section through the vesicles at ͑a͒ x D = 0.1 and ͑b͒ x D = 0.9, respectively. In case ͑a͒, the domains extend over both monolayers, whereas in case ͑b͒ the domains are observed in one of the monolayers only. tonic increase in the membrane's bending rigidity as the fraction of the amphiphile with the smaller preferred area per molecule increases, resulting in a modest factor-of-2 change for the membrane containing only amphiphiles with the smaller preferred area. In a homogeneous mixture of H 3 ͑T 6 ͒ 2 and H 3 ͑T 8 ͒ 2 amphiphiles, the membrane bending rigidity changes nonmonotonically as the fraction of the longer-chain amphiphile increases, at first decreasing and then increasing by a factor of 3 when all of the shorter-chain amphiphiles have been replaced by the longer ones. However, a nonhomogeneous mixture of these amphiphiles has a membrane rigidity about five times larger than the single-component H 3 ͑T 6 ͒ 2 bilayer. These results show that increasing the amphiphile tail length alone, or reducing the preferred packing of one amphiphile species, is not as effective in increasing the membrane bending rigidity as making modest changes in both properties simultaneously. Because making small changes in several molecular properties is generally simpler than making a large change in any one property, this result may be used to modify the material properties of biological membranes, which are composed of a large number of different types of amphiphile. The shape of the domains formed in planar bilayers of a nonhomogeneous mixture of amphiphiles with the same architecture, H 3 ͑T 6 ͒ 2 , but different preferred areas per molecule, changes with the membrane composition in a manner similar to those of a nonhomogeneous mixture of H 3 ͑T 8 ͒ 2 and H 3 ͑T 6 ͒ 2 amphiphiles ͑data not shown͒. Since the bending rigidity of a single-component H 3 ͑T 6 ͒ 2 planar bilayer varies by only a factor of 2 for the two preferred packing areas we use, the domain shapes of this mixture in vesicles are similar to those in planar bilayers. However, domains formed of amphiphiles H 3 ͑T 8 ͒ 2 in a mixture with H 3 ͑T 6 ͒ 2 , in which the bending rigidity of the domains is five times larger than that of the surrounding sea of shorter amphiphiles, adopt distinct shapes in planar membrane and vesicles. Whereas such domains in planar bilayers are approximately circular, the difficulty of bending the stiffer domains onto the highly curved surface of the vesicle drives them to lengthen and form thinner, elongated domains instead. This result shows that the curvature of vesicles formed of amphiphiles whose properties differ in physically realistic ways ͑small difference in tail length and small change in preferred area per molecule͒ is sufficient to influence the formation and shape of domains on length scales close to those of biologically relevant vesicles, such as synaptic vesicles. 
